Introduction
============

In a 12-month period, major depressive disorder (MDD) affects 6.9% of US individuals^[@bib1]^ and confers the greatest disability among any mental or behavioral disorder worldwide.^[@bib2]^ The etiology of MDD is not known, but it is thought that both environmental and genetic risk factors contribute to the disease.^[@bib3],\ [@bib4]^ Environmental risk factors include stressful early life and aggregate lifetime stressful events, which are known to modify the molecular environment of the brain and significantly increase the likelihood of MDD onset.^[@bib5],\ [@bib6],\ [@bib7],\ [@bib8]^ The genetic contribution, or the heritability of depression, is approximated at 38%.^[@bib9]^ Genetic variations underlying depression have remained elusive despite large genome-wide association studies^[@bib10],\ [@bib11]^ until recently, when using a very well-characterized and homogeneous patient population with severe MDD led to the identification of two candidate sequence variations significantly associated with MDD.^[@bib12]^ Regarding the interaction of the genetic and environmental risk factors, mainly single gene by environment interactions have been explored;^[@bib13],\ [@bib14],\ [@bib15],\ [@bib16]^ but it is not known how the polygenic genetic risk factors interact with the environment to confer risk for MDD. Furthermore, it is not possible in human studies to answer the question whether genetically encoded depression---nature---can be aggravated by the lack of nurture, such as adverse environments, or alleviated by nurture, such as enriched environments. We are in the position to explore this quandary by placing a genetic preclinical model of MDD into either an aversive or an enhanced environment.

We use the Wistar Kyoto More Immobile (WMI) model of depression, which is derived from the Wistar Kyoto (WKY) rat strain. The WKY is an established genetic model of adult and adolescent MDD with comorbid anxiety.^[@bib17],\ [@bib18],\ [@bib19],\ [@bib20],\ [@bib21],\ [@bib22],\ [@bib23]^ The WMI depression model was generated by a bidirectional selective breeding of the WKY based on immobility behavior in the forced-swim test (FST). Similar to MDD, WMIs respond to antidepressant treatments,^[@bib24]^ show sex differences in their depression onset and in comorbid anxiety,^[@bib25]^ and display dysfunctions in resting-state hippocampal connectivity.^[@bib26],\ [@bib27]^ The genetically similar, but behaviorally distinct WKY Less Immobile (WLIs) strain was concurrently generated and serves in these studies as the control strain for the depression-like behavior of the WMI.^[@bib24],\ [@bib28]^ However, the WLI retained the anxiety-like behavioral phenotype of the parental WKY strain.^[@bib25]^ These WMI and WLI strains also differ in their brain and blood gene expression profiles.^[@bib28],\ [@bib29]^

The unique blood and brain genome-wide expression profiles of WMIs compared with WLIs were analyzed in conjunction with another study using four different strains of rats exposed to chronic restraint stress (CRS) versus nonstressed controls.^[@bib28],\ [@bib29]^ On the basis of the differentially expressed genes in these two studies, we developed blood transcriptomic markers for MDD, which have shown translational promise.^[@bib28],\ [@bib29],\ [@bib30],\ [@bib31]^ The blood levels of these transcripts differentiated adolescents with MDD from unaffected controls,^[@bib29]^ and distinguished adults with MDD from subjects with no disorder.^[@bib30]^ Thus, this panel of transcripts may serve as blood markers of MDD in humans and further validate the WMI model.

Thus, the WMIs provide a distinct opportunity to probe the consequences of gene by environment interactions. The purpose of the present study is to elucidate how adverse or enriched environments affect depression-like behavior and the level of blood biomarker transcripts in the WMI animal model and whether they exaggerate or attenuate inherent differences from its control WLIs. Environmental enrichment (EE) is proposed to be the functional opposite of stress.^[@bib32],\ [@bib33]^ Therefore, the evaluation of the effects of EE on these blood markers in our genetic model of depression, in conjunction with the chronic stress paradigm, will help to formulate a novel understanding of the relationship between positive and negative environments and genetic susceptibility. We hypothesize, that those transcripts whose levels change in the blood paralleling behavioral changes in either strain are potential state markers of the behavioral phenotype. We also hypothesized that those transcripts whose levels are inherently different between the strains and do not change in response to the environment are potential trait markers.

Equally important issues are how the environment affects the levels of these blood markers in the brain of the WMIs and WLIs, as well as identifying those transcripts that change in parallel in the blood and the brain. Studies have indicated that the hippocampus of patients with MDD differs anatomically, morphologically and molecularly from individuals without MDD.^[@bib34]^ Hippocampal transcripts whose levels change in parallel with environment-dependent behavioral changes may either be hippocampal state markers, or causative mediators contributing directly or indirectly to the observed behavior. The transcript levels that change in parallel in the blood and the hippocampus in response to the environment, but differently in WMIs and WLIs, likely reflect their genetic differences. This study could define whether adverse or enriched environments affect the genetic animal model via the same or separate molecular mechanisms, and whether they are related to the inherent differences between the depressed WMI and control WLI as reported by the defined biomarkers.

Materials and methods
=====================

Animals
-------

The Institutional Animal Care and Use Committee of Northwestern University approved all animal procedures. The male WMI and WLI rats were used for the following studies. These animals were bred from the WKY parent strain as described earlier.^[@bib24]^ Briefly, the WKY inbred strain had been distributed to vendors somewhere between tenth and seventeenth generation of inbreeding. These distributed animals were known to show genetic and behavioral variability.^[@bib35],\ [@bib36]^ The Redei lab obtained the WKYs from Harlan Laboratories (Madison, WI, USA), where they had been additionally inbred 65 generation. However, it is not known whether the sublines Harlan obtained at the beginning of the breeding were maintained as sublines or interbred. In the Redei lab, the animals were initially generated by selective, bidirectional breeding based on FST behavior from the WKY strain. The male and female rats with the highest immobility and lowest climbing scores in the FST were mated, producing the WMI line. The male and female rats with the lowest immobility and highest climbing scores were mated, producing the WLI line. Those animals showing the most extreme FST behavior within each line were selected for breeding, specifically avoiding sibling mating until the F5 generation, when sibling mating was started.

The WMI and WLI adult male rats from the twenty-seventh to the twenty-ninth generation were exposed to daily restraint stress for 2 weeks, 2 h per day (CRS; *N*=10 per strain). The CRS animals were placed into flexible plastic bags with an opening for their mouth and nose. The animals could not turn around in this apparatus nor move the plastic bags. The restraint was conducted between 1200 and 1600 h. We used two sets of controls in this study. The first was used only as a behavioral control, and they were exposed to FST without CRS (FST-control; *N*=4 per strain). Immobility in the FST was the functional selector for the generation of the WMI and WLI strains, and they have shown consistent scores across generations. Therefore, we chose to use fewer animals from the available males of the same generation as behavioral controls as opposed to the molecular control set explained next. The control animals used for the molecular studies were behaviorally naive, no FST-controls (no FST-control; *N*=9 WLI, 10 WMI). FST was performed 2 weeks after the onset of the CRS protocol for both the CRS and FST-control groups. All the animals were killed at the same time.

Separately, the thirtieth to thirty-first generation adult male WMI and WLI rats were provided with an EE (*N*=WLI=8, WMI=15) for 1 month, and immediately following FST was conducted. The controls were housed in the standard environment and exposed to FST at the same time as the EE animals (FST-control; *N*=10 WLI, 17 WMI).

In some cases, the sample sizes were not equal between the strains because of the inherent differences in strain fecundity and therefore the number of animals born on approximately similar dates. Given that these strains are both inbred, groups were not randomized, but the animals from each litter were divided into different treatment groups. Behavioral studies had larger sample sizes than the molecular studies based on previous results.^[@bib31],\ [@bib34]^ For transcript level analysis, we chose samples randomly from the behavioral groups.

Behavioral testing
------------------

The animals were tested on the FST between 0800 and 1200 h as follows. In this 2-day test, on the first day, the animals were placed into a large cylinder (30 cm × 45 cm) of 22--24 °C water for a 15-min period and then allowed to rest. Next, after 24 h, the rats were again placed into the cylinder of water for a 5-min period. The activity during the second swim test was video-recorded for subsequent scoring by a blind, trained observer. The immobility, climbing, diving and swimming behaviors were scored in 5-s bins.

Real-time reverse transcription-polymerase chain reaction
---------------------------------------------------------

The animals were killed by fast decapitation immediately after the FST test or for the no FST-controls immediately after removal from the homecage. The brains were immediately placed in RNALater solution (Ambion, Austin, TX, USA) and frozen at −80 °C until dissection. The trunk blood was collected into PAXgene RNA tubes (PreAnalytix, Qiagen, Hombrechtikon, Switzerland) and stored at −80 °C after 1-day incubation at room temperature. Whole hippocampi were dissected using Paxinos coordinates (dorsal hippocampus (anterior-posterior: −2.12 to −4.16, medial-lateral: 0--5.0, dorsal-ventral: 5.4--7.6) and ventral hippocampus (anterior-posterior: −4.2 to −6.0, medial-lateral: 0--5.0, dorsal-ventral: 5.4--7.6)). Hippocampal RNA was isolated using the Quick-RNA MiniPrep Kit (Zymo Research, Irvine, CA, USA). Blood RNA was isolated using the PAXgene Blood RNA Kit 50 v2 (PreAnalytix, Qiagen). Complementary DNA was synthesized as described previously.^[@bib28]^ ABI 7900HT real-time cycler was used to amplify 5 ng complementary DNA using SYBR green reaction mix (ABI, Carlsbad, CA, USA). The primers were either those published previously,^[@bib28]^ or were designed using the default settings in ABI\'s Primer Express software (version 3.0, Applied Biosystems, Foster City, CA, USA) to generate primers that amplify 80--150 bp products. The primer pairs used for each gene are listed in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}.

Reverse transcription-quantitative polymerase chain reactions (RT-qPCR) were performed in triplicate and reached threshold amplification within 35 PCR cycles. The transcript levels were determined relative to 18 S (commercially available from ABI, Foster City, CA, USA) or GAPDH (IDT, as listed in [Table 1](#tbl1){ref-type="table"}) using the ΔCT method, as for each gene and each experiment, qPCR was carried out on one plate. A decrease in ΔCt indicates that relative levels of the transcript are increased, as we interpret the results using the fold change=2^−ΔCt^ formula. We chose the following transcriptomic biomarkers that distinguished subjects with and without MDD in the human studies:^[@bib29],\ [@bib30]^ Adenylate cyclase 3 (*Adcy3*), ATPase, Class VI, Type 11C (*Atp11c*), CD59 molecule, complement regulatory protein (*Cd59*), family with sequence similarity 46, member A (*Fam46a*), Cell adhesion molecule 1 (*Cadm1*), myristoylated alanine-rich protein kinase C substrate (*Marcks*), Ras association and pleckstrin homology domains 1 (*Raph1*), intracellular Toll-like receptor *7* (*Tlr7*) were all derived from the WMI genetic model of depression; and autocrine motility factor receptor, E3 ubiquitin protein ligase (*Amfr*), cerebellar degeneration-related protein 2 (*Cdr2*), cytidine monophosphate *N*-acetylneuraminic acid synthetase (*Cmas*), diacylglycerol kinase, alpha (*Dgka*), interferon regulatory factor 3 (*Irf3*)*, Kiaa1539* also known as *Fam214b* and proteasome activator subunit 1 (*Psme1*) derived from the CRS study.

Statistical analysis
--------------------

The data were analyzed using Graphpad Prism v 5.02 (GraphPad Software, La Jolla, CA, USA). All the data were analyzed by two-way analysis of variance. Bonferroni-corrected significance was reported in the figures as a result of *post hoc* analyses. When significant main effects were seen by the analysis of variance, whereas *post hoc* analysis did not show significance, hypothesis testing by two-way Student\'s *t*-test was carried out and reported in the figures and tables. We assumed Gaussian distribution of the data and the analysis results did not change with nonparametric testing. The variance between groups was determined in all one-way tests and was equal except as described in the [Supplementary Methods](#sup1){ref-type="supplementary-material"}. Using pre-established criteria, we excluded data that were greater than two standard deviations away from the mean, or any data clearly resulting from technical errors in the RT-qPCR assays. The statistical results are listed in detail in the [Supplementary Tables 2 and 3](#sup1){ref-type="supplementary-material"}. Ingenuity Pathway Analysis (<http://www.ingenuity.com>) was used to determine functional networks of the transcriptomic markers. The network *P*-values are calculated using the right-tailed Fisher\'s exact test and the resulting *P*-scores. P-values are derived from the Fisher\'s exact test: a Fisher\'s exact test being 21 means that the *P*-value of this specific network is e^−21^=7.58e−10. Co-expression analyses for the qPCR data were carried out for the CRS and EE experiments using Spearman correlations.

Results
=======

FST behavior
------------

Depression-like behavior was estimated as time spent being immobile on the second day of the FST test. In general, WMIs were significantly more immobile than WLIs (strain: CRS: F(1,21)=29.35, *P*\<0.01; EE: F(1,49)=20.53, *P*\<0.01; [Figures 1a and b](#fig1){ref-type="fig"}). Both CRS and EE altered immobility behavior, but in a complex interactive manner (CRS: strain × environment: F(1,21)=5.02, *P*\<0.05; EE: strain × environment: *P*\>0.05, NS; environment: F(1,49)=11.22, *P*\<0.01). The interaction effect in the CRS study reflected the CRS-induced increased immobility of the WLIs (*t*(11)=2.44, *P*\<0.05), but not the WMIs. EE decreased immobility of both strains, more apparent in the WMIs, although WLIs showed a similar effect when probed by a hypothesis testing *t*-test (Bonferroni *post hoc* WMI: *P*\<0.01; WLI: *t*(17)=2.93, *P*=0.01). Neither environmental condition could override the original behavioral differences between these two genetically differing strains; immobility remained significantly different even after the CRS-induced increase or the EE-induced attenuation (Bonferroni *post hoc* CRS: *P*\<0.05; Student\'s *t*-test EE: *t*(19)=2.53, *P*=0.02; [Figures 1a and b](#fig1){ref-type="fig"}). The CRS-induced increased immobility of the WLIs still did not reach that of WMI FST-controls (Bonferroni *post hoc* *P*\<0.01; [Figure 1a](#fig1){ref-type="fig"}), but the EE-induced decrease in the WMI\'s immobility no longer differed from those of WLI FST-controls ([Figure 1b](#fig1){ref-type="fig"}).

Expression of biomarker transcripts in the blood
------------------------------------------------

In the CRS study, we made the assumption that the acute stress of FST following 2 weeks of CRS would not significantly affect the chronic stress state of the animals. Therefore, for the transcript analysis, the comparison was made between the CRS+FST animals and the no FST-controls.

Strain differences between the no FST-controls were found in the blood transcript levels of *Adcy3, Atp11c, Cd59, Cdr2* and *Fam46a* ([Supplementary Table 4](#sup1){ref-type="supplementary-material"}), while overall strain differences were seen in the transcript levels of *Cd59*, *Irf3, Raph1* and *Tlr7* ([Table 1](#tbl1){ref-type="table"} and statistics in [Supplementary Table 2](#sup1){ref-type="supplementary-material"}). Chronic restraint stress significantly altered overall expression of *Cmas* and *Raph1* ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}), but strain-specific CRS effects were also observed and analyzed by strain by environment interactions or by hypothesis testing ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). Specifically, CRS increased the expression of *Cmas, Fam46a* and *Tlr7* in the WLIs, without changing them in the WMIs. Conversely, blood levels of both *Adcy3* and *Raph1* increased in the WMIs but not the WLIs.

In the EE experiment, overall strain differences were seen in the blood transcript levels of *Amfr, Cmas, Cadm1* ([Table 2](#tbl2){ref-type="table"} and [Supplementary Table 3](#sup1){ref-type="supplementary-material"}), differing from the strain differences of *Adcy3, Cd59* and *Fam46a* in the FST-controls ([Supplementary Table 4](#sup1){ref-type="supplementary-material"}). Environmental enrichment increased blood transcript levels of *Raph1* in both strains ([Table 2](#tbl2){ref-type="table"} and [Supplementary Table 3](#sup1){ref-type="supplementary-material"}). However, EE affected levels of *Amfr*, *Cdr2*, *Cadm1*, *Irf3*, *Marcks* and *Tlr7* in a strain-dependent manner ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}). Specifically, EE induced decreases in transcript levels of *Amfr*, *Cdr2* and *Marcks*, but increases in levels of *Cadm1* and *Irf3* in WLIs only. In contrast, *Cadm1* was decreased while levels of *Tlr7* were increased in response to EE in WMIs only. EE did not reverse control strain differences in transcript levels of these blood markers.

The comparison of gene expression in the blood of the no FST- and the FST-controls in the CRS and the EE studies, respectively, highlighted that *Adcy3*, *Cd59* and *Fam46a* transcript level differences between WLIs and WLIs were inherent and independent of the acute stress of FST, whereas levels of *Atp11c* and *Cdr2* were responsive to FST ([Supplementary Table 4](#sup1){ref-type="supplementary-material"}).

Expression of biomarker transcripts in the hippocampus
------------------------------------------------------

In the CRS study, strain differences in hippocampal expression of *Cd59*, *Cdr2*, *Cadm1, Irf3*, *Marcks* and *Raph1* were present in the no FST-controls ([Supplementary Table 5](#sup1){ref-type="supplementary-material"}), and after CRS, overall strain effects were maintained in *Cd59, Cdr2, Irf3 and Raph1* ([Table 3](#tbl3){ref-type="table"} and [Supplementary Table 2](#sup1){ref-type="supplementary-material"}). Additional overall strain effects were also found for *Atp11c, Cmas, Dgka* and *Psme1* ([Table 3](#tbl3){ref-type="table"} and [Supplementary Table 2](#sup1){ref-type="supplementary-material"}). In response to CRS, *Amfr* and *Raph1* expression increased, and levels of *Atp11c* decreased in both strains ([Table 3](#tbl3){ref-type="table"}). CRS affected hippocampal levels of *Cmas*, *Kiaa1539*, *Fam46a*, *Cadm1* and *Irf3* in a strain-dependent manner. Specifically, transcript levels of *Cmas* and *Kiaa1539* increased only in the WLIs, while levels of *Fam46a* and *Irf3* decreased and *Cadm1* increased only in WMIs in response to CRS. *Marcks* expression decreased in the WLI but increased in the WMI CRS hippocampi.

Importantly, control strain differences in the expression of *Cd59* and *Cdr2* along with the CRS-induced increased expression of *Cmas* and *Raph1* in WLIs and *Raph1* in WMIs were common between hippocampus and blood.

In the EE experiment, of the FST-control strain differences in transcript levels of *Dgka*, *Fam46a, Irf3, Kiaa1539* and *Marcks* ([Supplementary Table 5](#sup1){ref-type="supplementary-material"}), overall strain effects for *Dgka, Fam46a* and *Irf3* were maintained ([Table 4](#tbl4){ref-type="table"} and [Supplementary Table 3](#sup1){ref-type="supplementary-material"}). Environmental enrichment affected hippocampal transcript levels of *Adcy3*, *Cdr2*, *Dgka*, *Cadm1*, *Irf3*, *Kiaa1539*, *Psme1, Raph1* *and Tlr7* ([Table 4](#tbl4){ref-type="table"} and [Supplementary Table 3](#sup1){ref-type="supplementary-material"}). In response to EE, levels of *Adcy3* and *Kiaa1539* decreased in both WLI and WMI hippocampi. EE affected the expression of *Dgka*, *Cadm1*, *Psme1, Raph1* and *Tlr7* differently between the strains ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}). Specifically, the EE animals showed increased levels of *Dgka, Irf3*, *Psme1* and *Raph1* and decreased levels of *Tlr7* in WLIs only, while EE decreased levels of *Cadm1* in WMIs only.

EE-induced increases in levels of *Raph1* and *Irf3* in the WLI, and decreases in *Cadm1* in the WMIs were common to hippocampus and blood.

The comparison of gene expression in the hippocampus of the no FST- and the FST-controls in the CRS and the EE studies, respectively, highlighted that *Irf3* and *Marcks* transcript level differences between WLIs and WLIs were inherent and independent of the acute stress of FST, while hippocampal levels *Cadm1*, *Cd59*, *Cdr2*, *Dgka*, *Kiaa1539*, *Fam46a*, *Raph1* were responsive to FST ([Supplementary Table 5](#sup1){ref-type="supplementary-material"}).

Pathway analysis of blood transcripts
-------------------------------------

All the transcripts were entered into Ingenuity Pathway Analysis. [Figure 2](#fig2){ref-type="fig"} displays the most significant interacting network. Highlighted is the interconnectivity of the markers through mitogen-activated protein kinase, beta-2 adrenergic receptor, amyloid precursor protein, nuclear factor kappa B, as well as *Irf3* and *Tlr7*, two of the measured markers. Further, five of the markers, *Cd59, Cdr2, Irf3, Dgka* and *Fam46a,* which retained their basal hippocampal differences even after environmental manipulation, are members of this network.

Co-expression network
---------------------

The frequency distribution of correlation coefficients of blood transcripts were presumed to differ only between the WLI no FST-control and the WLI CRS animals as CRS induced a behavioral change in WLIs. However, no change was observed in the architecture of the co-expression network by CRS in WLIs ([Supplementary Figure 1a](#sup1){ref-type="supplementary-material"}). In contrast, after EE, the frequency distribution of correlation coefficients significantly shifted to greater *r* in both WMIs (*t*(180)=3.66, *P*\<0.001) and WLIs (*t*(208)=3.83, *P*\<0.001; [Supplementary Figure 1b](#sup1){ref-type="supplementary-material"}) in parallel to the behavioral change, indicating greater interconnections between the transcripts.

Co-expression analyses of blood transcript levels resulted in unique expression networks for WLIs following CRS, which did not overlap with those of the WLI no FST-controls, or WMIs ([Supplementary Figure 2a](#sup1){ref-type="supplementary-material"}). Notably, expression of all three, *Cmas*, *Tlr7* and *Fam46a,* WLI-specific transcripts that changed significantly by CRS correlated with each other via *Atp11c*. Unique expression networks were also found in WMI blood following EE ([Supplementary Figure 2b](#sup1){ref-type="supplementary-material"}) that did not overlap with those of WMI FST-controls or WLIs. This correlation network connected *Cadm1* and *Tlr7*, transcripts with significant changes after EE in the WMIs, emphasizing them as 'hubs\'.

Discussion
==========

In the current study, we identified that chronic restraint stress-induced elevation in depression-like behavior is strain dependent, while environmental enrichment-mediated attenuation of this behavior is independent of genetic background. CRS-induced behavioral changes did not compound genetic susceptibility to depression in the WMI model. Consistent with the lack of an additive effect in the behavior of the WMIs and the increased depression-like behavior of the WLIs, expression differences between WMIs and WLIs in depression blood biomarkers were not exaggerated by CRS. Similarly, parallel to the EE-mediated decrease in depression-like behavior in both WMIs and WLIs, blood transcript level differences between the strains were not attenuated. The opposing behavioral outcomes of CRS and EE in the WLIs are not reflected in inverse changes of blood or hippocampal gene expression profiles. These findings advance our understanding by suggesting that CRS and EE likely generate their behavioral outcomes in this model via diverse molecular mechanisms, and these are inherently different from the transcriptomic manifestation of genetic differences between the depressed WMI and control WLI.

Strain-specific responses to the environment occur in the depression-like behavior of phylogenetically separate strains. Specifically, chronic stress has been shown to elicit strain-dependent changes in immobility behavior.^[@bib37],\ [@bib38]^ In genetic models of depression, chronic mild stress increases anhedonic behavior of the Flinders sensitive and the WKY genetic rat models of depression,^[@bib39],\ [@bib40]^ but has no effect on the Swim Low-active rats.^[@bib41]^ EE has been shown to attenuate depression-like behaviors in Sprague Dawley rats,^[@bib42],\ [@bib43],\ [@bib44],\ [@bib45]^ and ameliorate learned helplessness in rats bred for high learned helplessness behavior.^[@bib46]^ Should a genetic model of depression with high stress-reactivity, including the WMIs, be exposed to CRS, CRS would not likely have any further effect on their depression-like behavior. In agreement with this scenario, and the inoculation stress hypothesis of environmental enrichment,^[@bib47]^ WMIs only showed alteration of depression-like behavior following EE. Increased neurogenesis is one of the proposed mechanisms by which EE attenuates depression-like behavior.^[@bib48],\ [@bib49]^ This mechanism implicates the hippocampus, which is known to be affected in MDD, and is known to be particularly sensitive to EE.^[@bib50]^ Still undetermined is whether hippocampus-dependent enhancement of learning and memory, characteristic consequences of EE,^[@bib51],\ [@bib52]^ are the direct cause of attenuated depression-like behavior.

Our initial studies aiming to identify a candidate blood biomarker panel are based on the unbiased, exploratory exploitation of the genetic and environmental components of MDD etiology by two different animal models. The results of these studies present two sets of candidate blood biomarkers whose expression differences do not overlap.^[@bib28],\ [@bib29]^ This provides the initial evidence that the molecular signatures of CRS-induced and genetically conferred depression-like behavior differ. Nevertheless, it is surprising that in the current study, the CRS-induced changes in blood transcript levels were neither additive nor synergistic to the inherent biomarker signature of WMIs. However, blood transcript levels of *Fam46a* and hippocampal expression of *Marcks* mirrored the CRS-induced behavioral change of WLIs, as WLI levels of these transcripts approached those of WMIs, suggesting these as state markers in the blood and the hippocampus, respectively.

On the basis of the opposite behavioral changes induced by CRS and EE in the WLIs, we expected to find transcript level changes in response to EE in the WLIs to be opposite to those in response to CRS, and those in response to EE in the WMIs to approximate the levels of WLI controls. Although we found no convincing evidence to support this original hypothesis, the parallel decreases in FST immobility in both WMIs and WLIs after EE were mirrored by increases in blood transcript levels of *Raph1* and hippocampal levels of *Adcy3* and *Kiaa1539* in both strains. These findings implicate *Raph1, and Adcy3* and *Kiaa1539* as state markers in the blood and in the hippocampus, respectively.

The next significant question was the overlap between blood and hippocampal expression of markers and their responses to the environment. Here we showed that both blood and hippocampal levels of *Cd59*, *Cdr2* and *Fam46a* differed between control WMIs and WLIs. Furthermore, transcript levels of *Cmas*, *Cadm1*, *Irf3* and *Raph1* changed in the same direction in response to the environment in both tissues, but differently in WMIs and WLIs. The expression differences of these latter transcripts in both the blood and the hippocampus might be a direct or indirect consequence of the genetic differences between the WMI depression model and its control inbred strain.

It is of interest that all of these genes have confirmed or suggested roles in neurodevelopment and neurodegeneration. The enzyme that *Cmas* (cytidine monophosphate *N*-acetylneuraminic acid synthetase) encodes regulates brain sialylation levels and, therefore, affects brain development and neurodegeneration.^[@bib53]^ In the central nervous system, *Cadm1* is involved in neural cell adhesion processes and synaptogenesis,^[@bib54]^ is thought to contribute to autism spectrum disorder,^[@bib55]^ and has also been linked with social impairments and anxiety-like behavior.^[@bib56]^ *Irf3* activates the transcription of several interferon-induced genes and it has been implicated in brain function and dysfunction such as hippocampal network excitability.^[@bib57]^ *Irf3* has also been shown to have expression association with schizophrenia.^[@bib58]^ *Raph1* is also known as amyotrophic lateral sclerosis 2 (juvenile) chromosome region, candidate 9. Hippocampal expression of *Raph1* is thought to be involved in suicide-related processes independent of depressive psychopathology.^[@bib59]^ Interestingly, *Raph1* has also been associated with metabolic activity^[@bib60]^ and involved in neuronal migration.^[@bib61]^ These genes are exciting targets for future study and are excellent candidates for potential therapeutic intervention.

Although pathway analysis is usually conducted with genome-wide expression data, using the limited number of biomarker candidates here proved to be thought provoking. Trait markers can be defined as those transcripts that retained their basal expression differences between WMIs and WLIs regardless of adverse or protective environment-induced changes. These included *Cd59* in the blood and *Cd59, Cdr2, Irf3, Raph1, Dgka* and *Fam46a* in the hippocampus. All of these transcripts, with the exception of *Raph1*, showed direct or indirect relationships with amyloid precursor protein. Mutations in amyloid precursor protein have been associated with several neurodegenerative diseases,^[@bib62]^ and amyloid precursor protein has also been implicated in the consequences of chronic stress.^[@bib63],\ [@bib64]^

In the unique co-expression network of the WLI CRS group, *Atp11c* transcript levels changed in tandem with three other significantly altered transcripts, suggesting that stress-induced depression-like behavior, as shown by the WLIs, can be 'marked\' separately from the genetic model. In contrast, in the co-expression network of the WMI EE, *Tlr7* and *Cadm1* co-expressed with several other genes, representing a signature of gene by protective environment interaction in this genetic model.

This study has several limitations, which as always, encourages future investigations. First, as only the FST test was used, which was the basis of the original selective breeding,^[@bib24]^ future studies could test the effect of adverse or protective environments on other behaviors including those commonly comorbid with depression such as anxiety and memory impairment. In addition, although hippocampal abnormalities have been validated in depressed populations, there are other brain regions including the amygdala and dorsolateral prefrontal cortex, which have been shown to be associated with depression, and therefore should be explored.

Strain differences in some of the biomarker levels diverged from previous studies.^[@bib28],\ [@bib29]^ These differences may be due to the well-known lability of ΔCT measurements by RT-qPCR, which could be overcome in the future by the use of absolute quantification or digital PCR. As we do not know the prevalence of specific isoforms in blood or hippocampus, discrepancies between studies can result when using different primers probing different regions of the transcript. Therefore, we would first need to discover splice variants and isoforms for all of these rat transcripts before we can identify tissue-specific expression of isoforms and their regulation. The significance of this is illustrated when only one isoform exists for both human and rat transcripts, such as in the case of *Fam46a,* the strain differences between WMI and WLI are the same regardless of which part of the mRNA is amplified. However, when multiple human transcripts are described, which are not mirrored by the much lower sequencing coverage of the rat genome, differences arose using alternative primers. Exploring the isoforms of these depression markers and their regulation in the rat brain and blood followed by in the human brain and blood in health and disease will further the specificity and precision of their future diagnostic potential for MDD.

The present study exploited a genetic animal model of depression and its genetically close control to address the power of environmental nurture over a genetic predisposition. The results suggest that the two etiologies currently accepted for depression, environmental and genetic, likely work through independent molecular mechanisms that may interact. Environmental enhancements can be protective as has been suggested by human studies in which the effects of adverse early environments are reversed later by nurturing environments. Our converging evidence signifies that CRS and EE do not add to or reverse, respectively, the genetic contribution-induced behavioral and transcriptional characteristics of our animal model of disease. CRS and EE do not result in opposing changes in blood transcript levels. Depression is a very heterogeneous disease, and our blood-based biomarkers differentiated depressed and nondepressed subjects in a genetically very heterogeneous population. Here, in this genetically homogenous animal study, we have shown that environment can affect levels of these biomarkers in the periphery and the brain. The environment, therefore, can alter genetic predisposition, as the classic nature vs nurture debate has always been resolved. As environment is always at work, the gene × environment interaction is a moving target. Nevertheless, current epigenetic techniques could identify areas in the genome that are most responsive to the environment in individuals with genetic predisposition to depression and in those without it.

[Supplementary Information](#sup1){ref-type="supplementary-material"} accompanies the paper on the Translational Psychiatry website (http://www.nature.com/tp)
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![Chronic restraint stress increases immobility behavior only in WLIs while environmental enrichment reduces immobility behavior in both strains. The presence or absence of immobility behavior (floating) was registered every 5 s (bins) in the second day of the FST (**a**) immediately following the chronic restraint stress procedure. (**b**) immediately after the environmental enrichment. Data are presented as mean±s.e.m. \*\**P*\<0.01 Bonferonni adjusted *post hoc*, ^+^*P*\<0.05 Student\'s *t*-test. CRS, chronic restraint stress; FST, forced-swim test; WLI, Wistar Kyoto Less Immobile; WMI, Wistar Kyoto More Immobile.](tp201628f1){#fig1}

![Network analysis of blood transcripts. Interacting networks generated using Ingenuity Pathway Analysis were enriched for functions: gene expression, cell-to-cell signaling and interaction, hematological system development and function. The right-tailed Fisher\'s exact test of this network is 21, equivalent to *P*=7.58e−10. Inset legend shows symbol designations. ADRB2, beta-2 adrenergic receptor; APP, amyloid precursor protein; IRF3, interferon regulatory factor 3; MAPK, mitogen-activated protein kinase; NF-κB, nuclear factor kappa B.](tp201628f2){#fig2}

###### Blood transcript levels in WLIs and WMIs in response to CRS

  *Gene*       *WLI ΔCt±s.e.m.*   *WMI ΔCt±s.e.m.*                
  ------------ ------------------ ------------------ ------------ ---------------
  *Adcy3*      13.13±0.24         13.44±0.51         14.10±0.28   12.56±0.38\*
  *Amfr*       2.35±0.17          2.64±0.24          2.40±0.15    2.67±0.17
  *Atp11c*     7.72±0.10          7.23±0.37          7.04±0.14    7.40±0.53
  *Cadm1*      6.99±0.11          7.09±0.29          6.76±0.14    6.80±0.17
  *Cd59*       8.35±0.25          8.26±0.38          9.42±0.35    8.74±0.39
  *Cdr2*       0.96±0.15          1.44±0.26          1.38±0.13    1.33±0.08
  *Cmas*       5.22±0.16          4.50±0.25\*        4.90±0.20    4.58±0.12
  *Dgka*       2.39±0.10          2.63±0.21          2.20±0.16    2.22±0.24
  *Fam46a*     5.00±0.12          4.50±0.17\*        4.45±0.16    4.59±0.09
  *Irf3*       3.10±0.16          3.51±0.20          2.82±0.17    2.54±0.25
  *Kiaa1539*   3.01±0.18          3.11±0.19          2.86±0.07    3.15±0.17
  *Marcks*     4.36±0.19          4.35±0.20          5.06±0.54    4.24±0.19
  *Psme1*      3.66±0.05          3.72±0.10          3.66±0.21    3.29±0.19
  *Raph1*      6.33±0.10          6.41±0.15          6.31±0.06    5.71±0.11\*\*
  *Tlr7*       5.20±0.10          4.67±0.10^++^      5.17±0.14    5.44±0.32

Abbreviations: CRS, chronic restraint stress; WLI, Wistar Kyoto Less Immobile; WMI, Wistar Kyoto More Immobile.

Please note that the ΔCt values relate to relative concentration by 2^−ΔCT^.

\**P*\<0.05, \*\**P*\<0.01 by Bonferroni *post hoc* after significant two-way analysis of variance (strain × environment). Comparisons are within strain and between control and CRS.

^++^*P*\<0.01 by Student\'s *t*-test. Comparisons are within strain and between control and CRS.

###### Blood transcript levels in WLI and WMIs in response to EE

  *Gene*       *WLI ΔCt±s.e.m.*   *WMI ΔCt±s.e.m.*                
  ------------ ------------------ ------------------ ------------ -------------
  *Adcy3*      11.43±0.05         11.52±0.08         11.68±0.05   11.54±0.11
  *Amfr*       4.38±0.12          5.72±0.23\*\*      4.21±0.22    4.93±0.24
  *Atp11c*     7.39±0.10          7.21±0.07          7.33±0.07    7.25±0.05
  *Cadm1*      5.93±0.08          5.60±0.05\*        5.82±0.09    6.13±0.07\*
  *Cd59*       6.31±0.07          6.84±0.41          6.60±0.09    6.72±0.18
  *Cdr2*       3.75±0.11          4.43±0.17\*\*      3.81±0.10    3.90±0.19
  *Cmas*       7.65±0.10          7.75±0.20          7.45±0.05    7.15±0.30
  *Dgka*       4.90±0.09          4.73±0.25          4.74±0.11    4.49±0.03
  *Fam46a*     6.78±0.08          6.84±0.15          7.02±0.08    6.95±0.06
  *Irf3*       5.73±0.15          4.56±0.35\*\*      5.25±0.21    4.88±0.14
  *Kiaa1539*   4.83±0.12          5.22±0.18          4.93±0.16    4.77±0.10
  *Marcks*     6.13±0.12          7.57±0.29\*\*      6.45±0.32    7.06±0.26
  *Psme1*      5.48±0.09          5.23±0.18          5.54±0.09    5.23±0.27
  *Raph1*      10.00±0.09         9.47±0.14\*        10.05±0.16   9.45±0.16\*
  *Tlr7*       6.81±0.11          6.93±0.11          7.23±0.31    6.24±0.34\*

Abbreviations: EE, environmental enrichment; WLI, Wistar Kyoto Less Immobile; WMI, Wistar Kyoto More Immobile.

Please note that the ΔCt values relate to relative concentration by 2^−ΔCT^.

\**P*\<0.05, \*\**P*\<0.01 by Bonferroni *post hoc* after significant two-way analysis of variance (strain × environment). Comparisons are within strain and between control and EE.

###### Hippocampal transcript levels in WLIs and WMIs in response to CRS

  *Gene*       *WLI ΔCt±s.e.m.*   *WMI ΔCt±s.e.m.*                
  ------------ ------------------ ------------------ ------------ ---------------
  *Adcy3*      7.54±0.11          7.32±0.07          7.29±0.05    7.47±0.11
  *Amfr*       5.37±0.12          4.71±0.16^++^      6.00±0.41    4.78±0.26\*\*
  *Atp11c*     6.82±0.11          7.51± 0.09\*       6.98±0.10    8.40±0.27\*\*
  *Cadm1*      3.93±0.04          3.98±0.11          4.32±0.11    3.69±0.15\*\*
  *Cd59*       5.90±0.40          5.55±0.25          8.02±0.32    8.53±0.43
  *Cdr2*       6.95±0.29          7.75±0.33          8.64±0.32    8.08± 0.36
  *Cmas*       5.78±0.10          5.39±0.16\*        5.93±0.08    6.02±0.11
  *Dgka*       11.21±0.12         11.33±0.25         11.66±0.23   11.73±0.17
  *Fam46a*     12.87±0.44         14.06±0.29         12.68±0.28   13.68±0.34^+^
  *Irf3*       4.26±0.11          5.05±0.45          5.45±0.45    7.04±0.38\*
  *Kiaa1539*   7.99±0.03          7.61±0.15^+^       8.19±0.08    7.66±0.34
  *Marcks*     5.31±0.09          6.02±0.19\*        5.85±0.09    4.95±0.27\*\*
  *Psme1*      6.05±0.10          5.78±0.11          6.20± 0.08   6.31±0.20
  *Raph1*      7.50±0.17          6.61±0.14\*        9.37±0.19    8.65±0.38\*
  *Tlr7*       9.97±0.17          10.15±0.47         10.34±0.41   10.39±0.43

Abbreviations: CRS, chronic restraint stress; WLI, Wistar Kyoto Less Immobile; WMI, Wistar Kyoto More Immobile.

Please note that the ΔCt values relate to relative concentration by 2^−ΔCT^.

\**P*\<0.05, \*\**P*\<0.01 by Bonferroni *post hoc* after significant two-way analysis of variance (strain × environment). Comparisons are within strain and between control and CRS.

^+^*P*\<0.05, ^++^*P*\<0.01 by Student\'s *t*-test. Comparisons are within strain and between control and CRS.

###### Hippocampal transcript levels in WLIs and WMIs in response to EE

  *Gene*       *WLI ΔCt±s.e.m.*   *WMI ΔCt±s.e.m.*                
  ------------ ------------------ ------------------ ------------ ---------------
  *Adcy3*      8.21±0.05          8.54±0.08\*\*      8.26±0.04    8.54±0.06\*\*
  *Amfr*       3.13±0.06          3.18±0.07          3.27±0.05    3.27±0.09
  *Atp11c*     7.83±0.15          8.04±0.22          7.74±0.14    7.69±0.13
  *Cd59*       5.39±0.08          5.44±0.10          5.49±0.06    5.41±0.08
  *Cadm1*      3.13±0.06          3.28±0.08          3.17±0.10    3.45±0.07\*
  *Cdr2*       9.50±0.20          8.83±0.24          9.25±0.11    8.82±0.19
  *Cmas*       6.38±0.11          6.36±0.19          6.30±0.11    6.47±0.14
  *Dgka*       7.25±0.09          6.72±0.09\*\*      6.85±0.10    6.69±0.02
  *Fam46a*     10.63±0.12         10.50±0.18         10.07±0.14   10.29±0.17
  *Irf3*       8.66±0.17          7.93±0.17\*        7.92±0.18    7.55±0.17
  *Kiaa1539*   7.20±0.07          6.67±0.10\*\*      6.98±0.07    6.64±0.09\*\*
  *Marcks*     4.76±0.06          4.90±0.08          5.02±0.04    4.92±0.13
  *Psme1*      7.49±0.12          7.13±0.10^+^       7.34±0.11    7.05±0.11
  *Raph1*      5.48±0.06          5.00±0.08\*\*      5.34±0.10    5.24±0.10
  *Tlr7*       9.63±0.14          10.44±0.17\*       9.97±0.22    10.05±0.17

Abbreviations: EE, environmental enrichment; WLI, Wistar Kyoto Less Immobile; WMI, Wistar Kyoto More Immobile.

Please note that the ΔCt values relate to relative concentration by 2^−ΔCT^.

\**P*\<0.05, \*\**P*\<0.01 by Bonferroni *post hoc* after significant two-way analysis of variance (strain × environment). Comparisons are within strain and between control and EE.

^+^*P*\<0.05 by Student\'s *t*-test. Comparisons are within strain and between control and EE.
